In Thailand, the Alternative Energy Development Plan has set the target to increase the use of bioethanol to 9.00 million liters per day by 2021. To achieve this goal, both freshwater availability for energy crops and best practices in bioethanol production chain management are very important issues. Therefore, this study integrates water footprint technique with the linear programing approach in order to optimize the operations decision, focusing on water footprint of the bioethanol production chains from both tactical and operational levels. A cradle-to-grave approach is adopted to evaluate the water consumption and pollution in bioethanol production from sugarcane and cassava.
INTRODUCTION
The Thai government launched a strategic plan of alternative energy in 2004 which boosted bioethanol production in Thailand from 0.37 million liters per day in 2006 to 1.84 million liters per day in 2012. 'Alternative Energy Development Plan: AEDP 2012-2021' was then launched and set a target to produce bioethanol 9.00 million liters per day by 2021 (Department of Alternative Energy Development and Efficiency, Ministry of Energy ). To achieve the AEDP target, one of the most important factors is freshwater availability. Freshwater is essential for crop cultivation and bioethanol production processes. Conversion of biofuel crops to bioethanol includes two major stages: first, the agricultural stage (biofuel crops production from field level) and second, the industrial stage (processing of biofuel crops to bioethanol). The water resource availability in Thailand is considered highly adequate in statistical terms. In reality, the water resource is unevenly distributed and water stress situations are always happening in some regions of Thailand, but the cause of this situation occurs because the runoff storage is not good enough. Thailand can store only 36% of the annual runoff. Besides, inefficient use of water by various sectors in Thailand, especially the agricultural sector which is the largest user and accounts for 61% of total available water, and deteriorating of water quality could create a serious problem (Office of the National Economic and Social Development Board ). Moreover, freshwater availability on earth is limited, it is important to know how it is allocated among the various purposes, such as water for nature versus food, water for food versus energy, or water for basic needs versus luxury goods (Hoekstra et al. ) . The idea of considering water use along supply chains has gained interest after the introduction of the 'water footprint' concept by Hoekstra et al. () . The number of applications has rapidly increased in many countries (Hoekstra & Chapagain ; Chahed et al. ; Zhao et al. ; Bulsink et al. ) including Thailand (Pongpinyopap & Mungcharoen ; Chooyok et al. ; Gheewala et al. , ) . The water footprint is a volumetric measure, showing freshwater consumption and pollution in time and space. The spatial aspect is important because the potential environmental and social impacts of water use differ from one location to another. Although the water footprint technique provides a useful tool to quantify and identify hotspots for the bioethanol production chains, but it does not provide the optimal options to improve bioethanol production chains operation. In this study, integration of water footprint technique with the linear programing approach is used to optimize the operation decision of the bioethanol production chains in Thailand. The main objective is to propose a suitable planning tool based on the approaches commonly applied to bioethanol production chains strategic planning under different environmental criteria. The water footprint is performed as a post-optimization step to evaluate the water consumption and pollution in bioethanol production from cassava and from sugarcane. The system boundary is drawn to include water consumption of all steps from cassava/sugarcane cultivation, transport to cassava chips/sugar mill plant, cassava/sugarcane processing process, transport to bioethanol plant, bioethanol production process, transport to storage, distribute to fuel station and fuel combustion in vehicles. All of the three components of water footprint to be considered are green, blue and gray water footprint. The reference year of the data is 2010.
METHODS

Water footprint calculation
In order to assess the water footprint of the bioethanol production chain in Thailand, there is need to assess the domestic water resource required for domestic biofuel crop growth and processing into liquid fuel. A tool to do this assessment is the water footprint concept. This concept of the 'water footprint' has been proposed as an alternative indicator of water use, which focus on water consumption instead of water withdrawal (Aldaya et al. ) . On the subject of consumption, evaporative water use is more relevant than water withdrawal because parts of the water withdrawal return to the water bodies where they were taken from, so these parts can be reused. According to Chapagain et al. () , the water footprint is the volume of water needed to produce the goods and services that measured at the place where the goods and services were actually produced. The water footprint of a product (m 3 /ton) is calculated as the ratio of the total volume of water used (m 3 /year) to the production quantity (ton/year). The water footprint has three components: the green water footprint (volume of water evaporated from the rainwater stored in the soil as soil moisture), blue water footprint (volume of water evaporated from surface and renewable ground water resources) and the gray water footprint (volume of freshwater required to dilute the wastewater from the production process to the agreed quality standards). In this study, the volume of freshwater consumed or polluted to produce all the goods and services as input of bioethanol production chains is also considered. The amount of water used to produce raw material in each stage of bioethanol production chain is obtained from Ecoinvent () and converted to water consumption using the consumption factors (Flury et al. ) . Details of each stage are described in the following sections. 
Cassava chips/sugar mill plants
Cassava roots are harvested in the 12th month and converted to dried chips using a simple chopping machine.
After chopping into small pieces, the chips are sun-dried on a cement floor. The conversion ratio of feedstock (ton) to dried chips is approximately 2.25:1 where water is not required in the process (Sriroth ) . It is assumed that the conversion ratio does not vary with the processing efficiency. Approximately 10 months after new crop cultivation, sugarcane stalks are cut and ready for sugar milling, whereas the remaining parts, e.g. leaves and tops (termed cane trash) are either open burned or used for low-end applications. Sugar milling consists of a series of processing stages, e.g. crushing, clarification, boiling, seeding and centrifuging to extract sugar crystals, the main product, from the sugarcane. Two key co-products, molasses 
Gasohol E10 production
Gasohol E10 is a fuel mixture of 90% gasoline and 10% ethanol. About 87.35 kWh of electricity are required in mixing process. It is assumed in this stage that the Gasohol E10 production uses feedstock from bioethanol plant located near the storage tanks and the transportation between bioethanol plants and storage tanks uses 32-ton truck (20 wheels).
Life cycle optimization of bioethanol production chains
A life cycle optimization approach, which integrates a linear programing scheme and a water footprint concept, is used to minimize the water consumption of the entire bioethanol production chains from biofuel crops production to fuel production and to fuel end use. The superstructure of the bioethanol production chains is presented in Figure 1 footprint minimization problem is formulated as follows:
x a;b 0 (7)
where wf a,b is the water footprint in each stage of bioethanol production chain produced from biofuel crop type a in site b Table 3 . It was found that the total water footprints of bioethanol consumed in Thailand were 3.23 × 10 9 , 1.72 × agriculture water consumption to the total water footprints of bioethanol was 99% and industrial water consumption was 1%. In cassava chips-based bioethanol production chain, the share of green water was 26%, blue water was 0%, and gray water was 74% to the total water footprints.
RESULTS AND DISCUSSION
Likewise, molasses-based bioethanol production chain, the share of green water was 5%, blue water was 38%, and gray water was 57% to the total water footprints. This indicates that sugarcane needs more irrigation water to grow than cassava chips-based production (Phujaroen ;
Damen ). Moreover, the results shown that the cassava cultivation can grow without irrigation water. The advantage of this will lead to decrease the opportunity costs of blue water uses. The efficient of allocation water for different water uses is important due to annually limited water resource. Thus, the selection of cassava should be done in order to minimize the impact of bioethanol production for people in Thailand on water resource. After performing optimization based on 2010 data, the total water footprint will be reduced considerably. It was found that the total water footprint will be decreased from 3.23 × 10 9 to 1. bioethanol production chain should be selected. It is indicated that the selection of feedstock to operate bioethanol production chain from a crop field located near the plant was not optimal configurations. So, this approach can be used as a tool to reduce water consumption and provide the operation plan of bioethanol production chain. The optimal configurations might increase the operation cost of bioethanol production chain. However, another way to reduce the blue water consumption of bioethanol production chain is to increase the use of cassava chips as feedstock. Every 1% increase of cassava chips, the blue water consumption will be reduced by 2.97 × 10 6 m 3 per year (0.002% of Thailand's runoff). On the contrary, previous study (Pongpinyopap & Mungcharoen ) indicated that increasing the use of molasses as feedstock would save greenhouse gas (GHG) emissions. Therefore, the multi-objective optimization should be investigated to find the optimum condition for both GHG emissions and water consumption.
CONCLUSIONS
This study evaluated water footprint of bioethanol in the form of Gasohol E10 consumed in Thailand. Integration of water footprint technique with the linear programing approach is used for operation planning of the bioethanol production chain. The results show that the total water footprint of bioethanol in Thailand was about 3.23 × 10 9 m 3 per year in 2010. Based on the 2010 data, the total water footprints of bioethanol consumed in Thailand would be 1.72 × 10 10 and 2.49 × 10 10 m 3 per year in 2016 and 2021, respectively, according to the Alternative Energy Development Plan. After applying the linear programing, it was found that, with the proper management, the water footprint could be reduced by at least 53%, or 1.33 × 10 10 m 3 , annually. It was also found that increasing the use of cassava chips can help reduce the blue water consumption of bioethanol production chain because cassava can grow without irrigation. The modeling approach and formulation presented provide a valuable analytical tool to reduce water consumption and provide the operation plan of bioethanol production chain. Further study on multi-objective optimization of GHG emissions and water consumption is required to find the optimum use of molasses and cassava chips for bioethanol production in Thailand. This approach could be used to provide consistent results in order to drive political decisions about energy policies for the future bioethanol production chain and also used in other countries having the same or different crops as in Thailand.
